Rat liver nuclei were isolated and sonicated for extraction in order to study the capping of RNA. The guanosine 7-methyltransferase was purified from the extract by hydroxylapatite column chromatography with stepwise addition of phosphate buffer. It was assayed by using as methyl acceptor synthetic G(5')ppp(5')G and S-adenosylmethionine as donor. The enzyme appeared in a sharp peak at 160 mM. The same peak fraction was subsequently found to contain the enzyme that guanylylates short synthetic polynucleotides and low molecular weight yeast RNA as acceptors. The two enzymatic activities were separated on Sephadex G-150 chromatography, yielding guanylyltransferase and guanosine 7-methyltransferase with molecular weights of approximately 65,000 and 130,000, respectively. Guanylyltransferase was further purified by CMSephadex chromatography, whereby G-7-methyltransferase was completely removed. Dithiothreitol was essential for guanylylation, and 2 mM Mn2+ (optimum) was twice as active as 8 mM
Mg2+ (optimum). The a-32p of [32P]GTP, but not its 1#-ory-32p
was incororated into the cap structure. By using unlabeled GTP with I#B-32PjppGpCpC-poly(A2,U2,G) as acceptor, [#,-32p]-GpppG... was formed. Our purified transguanylylation enzyme was found to catalyze a [32Pjpyrophosphate exchange with GTP, which may be useful as a rapid assay for transguanylylation. An additional role for GTP in protein synthesis has been added through the discovery of its activity in the capping reaction, which results in a blocking of eukaryote mRNA by guanylylation of 5'-terminal phosphoryl groups to form a G(5')-ppp(5')NpN... bridge. The primary reaction is followed by methylation at position 7 of the external guanosine and at the 2'-riboses of internal nucleotides. Reviews of various aspects of the modification of the basic mRNA structure have appeared on the mechanism of biosynthesis (1), on the isolation of preformed cap structures from cell nuclei (2) , and on the role of RNA processing in eukaryote mRNA production (3) . The most thorough studies on the mechanism have been done with virus core-associated or core-derived transguanylylation and transmethylation enzymes (4) (5) (6) . Cap formation was studied with HeLa cell nuclei by Groner and Hurwitz (7), with L-cell nuclei by Winicov and Perry (8) , and with HeLa cell crude nuclear extract by Wei and Moss (9) . We chose to use an extract of normal rat liver nuclei as enzyme source in the experiments described here.
MATERIALS AND METHODS Materials. P-L Biochemicals supplied GpppG, GpppGm, GpppA, GpppAm, GpppC, GpppU, their 7-methylguanosine derivatives, and G > p, pG > p, and ppG > p; pppG > p was prepared by incubating ppG > p with pyruvate kinase and phosphoenolpyruvate and was purified by chromatography on DEAE-Sephadex. S-Adenosyl[methyl-3H]methionine (11.5 Ci/mmol; 1 Ci = 3.7 X 1010 becquerels) was matogram was cut into 0.5-cm pieces which were eluted with 0.5 ml of 0.5 M (NH4)2CO3, and the overlap with the marker was assayed by scintillation counting in Aquasol (New England Nuclear).
Assay for Guanylyltransferase by Using [a-32PJGTP as Donor in GpppN-RNA Synthesis. The standard reaction mixture (0.1 ml) contained: 50 mM Tris-HCl (pH 7.7), 2 mM MnSO4, 0.5 mM MgCl2, 10 mM dithiothreitol, 9% (vol/vol) glycerol, 6 ,uM [a-32P]GTP (7,000-30,000 cpm/pmol), 0. (1979) Biochemistry: Mizumoto proteins were successively eluted with 1, 55, 160, 250, and 500 mM potassium phosphate buffer. As shown in Fig. 2 , both methylation and guanylylation activities were eluted by addition of 160 mM buffer. This eluate was concentrated and then chromatographed on a Sephadex G-150 column, and methyland guanylyltransferases eluted separately as shown in Fig. 3 . From the calibration curve with standard proteins, the molecular weights of these fractions were estimated to be approximately 130,000 and 65,000, respectively.
As summarized (15) , by using the hydroxylapatite eluate peak at 160 mM potassium phosphate (see Fig. 2 (Fig. 3 , fractions 30-44) was diluted with 4 vol of buffer A and applied to a column of CM-Sephadex (0.8 X 22 cm). The proteins were eluted with 100 ml of 50-500 mM KCl gradient in buffer A. Fractions of 1 ml were collected and 30 Ml was assayed for guanylyltransferase by using yeast low molecular weight RNA as acceptor (0). In the pyrophosphate exchange experiment (X), fractions of the main peak were incubated for 75 min at 37°C in 100 Ml containing 5 mM MgCl2, 0. Table 1 except that 3 ,g of enzyme (Sephadex G-150, fraction 37) and various concentrations of ppGpCpC (@) or pppGpCpC (0) were used and the incubation time was 60 min at 30'C. Reaction mixtures were treated with phenol and the aqueous phase was lyophilized. The lyophilized materials were incubated with alkaline phosphatase and then subjected to electrophoresis on Whatman 3 MM paper in pyridine/acetate buffer, pH 3.5. Oligonucleotide fractions were eluted, hydrolyzed with nuclease P1, and finally applied to polyethyleneimine cellulose thin layer chromatography sheets. The chromatography was carried out with 1 M LiCl, and the 32p in the GpppG spot was assayed.
Purification of Guanylyltransferase on CM-Sephadex Column. The guanylyltransferase from Sephadex G-150 was further purified on a CM-Sephadex column as shown in Fig.  4 . The transguanylylation activity was eluted at 0.27 M KCI; furthermore, this peak was found to contain the activity that promotes pyrophosphate exchange with GTP. About 350-fold purification and 49% recovery was obtained compared with the crude nuclei extract. At -70°C, this preparation remained active for several months. As mentioned, included in this figure is an experiment showing that this preparation of guanylyltransferase catalyzes a [32P]pyrophosphate exchange with GTP. This indicates a mechanism of GMP transfer from GTP by a pyrophosphate displacement reaction to a diphosphate 5' terminus of RNA. The perfect overlap of the two assay curves in Fig. 4 indicates that the GTP-PPi exchange assay can be used for assaying guanylyltransferase.
Comparison of Guanylylation to ppGpCpC and pppGpCpC as Acceptors. As shown in Fig. 5 , with ppGpCpC guanylyl transfer reached a plateau at 15 ,uM, whereas with pppGpCpC only one-third as much was incorporated, increasing to about one-half at 50 ,uM. The comparably much slower rate of reaction in the latter case could be explained by assuming that 5'-pp-RNA is the acceptor and that it is formed by a relatively slow dephosphorylation reaction possibly through a contaminating phosphohydrolase. Because we have not attempted to verify such a mechanism, no more can be concluded than that, in this system, at limited acceptor concentration and 30'C, the 5'-pp-RNA reacts more rapidly than the 5'-ppp-RNA. It 2). As shown in Fig. 6A , when the f3-UP-labeled pp-5'-RNA was incubated with purified guanylyltransferase and GTP and digested with nuclease P1, the 32P-label was found in GpppG. In Fig. 6B , efficient methylation on this preformed cap was observed when methyltransferase and AdoMet were added subsequently. The position of 32p in these cap structures was conProc. Natl. Acad. Sci (Fig. 4) In addition to the capping reaction, the methyltransferase was also partially purified. However, the ribose-2'-methyltransferase was lost during the hydroxylapatite column chromatography. In an experiment (Fig. 6 ) we first capped a short RNA chain, and then methylated it with AdoMet, showing that capping may be followed by guanosine C-7 methylation. Because, in addition to m7GpppN, m7GpppNm was also formed in the crude extract experiment (Fig. 1) , the two methylations must be due here to different enzymes. This was shown by Barbosa and Moss (16) for the vaccinia core enzymes from which they identified and purified the second methyltransferase.
In our experiments, no indication was found for a GppG cap structure which has been reported to be present in Novikoff hepatoma cell nuclei (2) and also as a product with crude extracts of HeLa cell nuclei (7) . Furthermore, no indication was found in our system of the unique mechanism of capping indicated in the reaction: Gppp + pN... GPppN... +Pi, which is reported to be the capping mechanism in the vesicular stomatitis virus system (17) .
